In this paper, we investigated interactions of the acidic oligosaccharide sugar chain (AOSC), derived from brown algae Echlonia kurome OKAM, with amyloid beta protein (Ab). We observed that AOSC inhibited the toxicity induced by Ab in both primarily cortical cells and the SH-SY5Y cell line. We also observed that AOSC inhibited the apoptosis induced by Ab in SH-SY5Y by reducing the elevated level of intracellular calcium concentration ([Ca 2+ ] i ) and suppressing the generation of reactive oxygen species. Surface plasmon resonance analysis demonstrated that AOSC had affinity for both freshly-dissolved Ab and 48-h incubated Ab. Furthermore, AOSC blocked the fibril formation of Ab, which may be responsible for its anti-cytotoxic effects. Thus, our results indicate that AOSC might be a potentially therapeutic compound for Alzheimer's disease.
Introduction
Extracellular senile plaques (SPs) are one of the characteristic neuropathologic hallmarks in the brain of Alzheimer's disease (AD). The major component of SPs is an aggregated form of a 39 -42-residue peptide termed amyloid beta protein (Ab) (1 -4) . A large body of evidence revealed that Ab could accumulate and aggregate into fibrils in vitro, and Ab -induced cellular toxicity to neurons was associated with its fibrillar forms (4, 5) . Thus, Ab has been put into the center of current research to develop new treatments for AD. Prevention of oligomerization and aggregation of Ab has been viewed as a possible approach of slowing the disease progress, and blockade of fibrillar Ab neurotoxicity is also a rational therapeutic strategy (2, 6, 7) .
Besides Ab, several other components have also been found in the deposit, including heparan sulfate proteoglycan (1, 8 -10) . Glycosaminoglycans (GAGs) are believed to bind to Ab and be associated with amyloidogenesis. In addition to promoting the fibril formation and aggregation of Ab, GAGs may also protect aggregated Ab from proteolytic degradation (1, 11 -15) . Therefore, compounds that can interfere with the interaction between endogenous GAGs and Ab may prevent the formation of SPs. Recent studies both in vivo and in vitro have suggested that lowmolecular-weight (LMW) GAGs such as LMW heparin or LMW chondroitin sulfate might ameliorate the cytotoxic effect of Ab and prevent the amyloid deposit through binding to Ab to interfere with its fibril formation (12, 16, 17) . These findings suggested that LMW GAGs derivatives and their analogues may possess possible therapeutical potentials for AD. Acidic oligosaccharide sugar chain (AOSC), a marine-derived acidic oligosaccharide, was extracted from brown algae Echlonia kurome OKAM by enzymatic depolymerization. It is rich in mannuronate blocks, with the average molecular weight of 1300 Da. As an analogue of LMW GAGs, AOSC might interfere with endogenous GAGs binding to Ab. Thus, in this paper, the effects of AOSC on Ab fibril aggregation and Ab-induced cytotoxicity and its related mechanisms of action were investigated.
Materials and Methods

Materials
AOSC was provided by Marine Drug and Food Institute, Ocean University of China, P.R. China.
Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] The carboxymethylated dextran sensor chip (CM5) was purchased from Amersham Pharmacia, Biacore AB, Uppsala, Sweden. The maleic dialdehyde (MDA) kit was purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
To prepare aged Ab 1-40 and Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , the peptides were dissolved in sterile water at a concentration of 1 mg / ml and incubated at 37°C for 7 days.
Cell cultures and MTT assay
SH-SY5Y cells: Human neuroblastoma SH-SY5Y cells were plated at a density 5´10 3 cells per well in 96-well plates and grown in DMEM containing 10% FBS. The day after plating, different concentrations of AOSC were added and culture continued for 24 h followed by addition of 30 m M of aged Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] or 2 mM of aged Ab 1-40 . The cells were further cultured for 48 h. A 10-ml aliquot of 5 mg / ml MTT stock was then added per well and the incubation continued for 4 h. The formazan crystals formed were dissolved by addition of 100 ml DMSO, and absorption values at 570 nm were determined.
Primary cultures of rat cortical cells: The cortical cells were prepared from embryonic day 16 -18 Wistar rats as described previously (18) . Cells were cultured in DMEM/ F-12 culture media containing 10% FBS and 10% horse serum and seeded in 96-well plates at a density of 1´10 5 cells per well. The cells were treated with different concentrations of AOSC for 24 h and then were exposed to 30 m M of aged Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] for another 24 h. Cell viability was evaluated by MTT assay.
Apoptosis assay
SH-SY5Y cells were seeded in 6-well plates at a cell density of 2´10 5 per well. Then the cells were treated with AOSC at concentrations of 0, 50, and 100 mg / ml. Following 24-h incubation, 30 m M of aged Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] was added. The cells were collected 48 h later, washed, and stained with a mixture of RNAse (100 U / ml) and propidium iodide (5 m g / ml). Cells (8´10 3 ) were harvested for apoptosis analysis using flow cytometry, and the results were analyzed with cell FITC software (Becton Dickinson, Franklin Lakes, NJ, USA).
Measurement of intracellular free Ca 2+ concentration in SH-SY5Y cells
The intracellular calcium concentration ([Ca 2+ ] i ) was determined by the calcium-sensitive fluorochome Fluo-3. Fluo-3 was loaded into cells using acetoxymethyl ester. The cells were treated with AOSC and Ab as described above for the apoptosis assay. Following the treatment, the cells were stained with Fluo-3acetoxymethyl ester at the final concentration of 2.5 mM at 37°C for 30 min. Finally, the cells were washed with phosphate-buffered saline (1.5 mM KH 2 PO 4 , 8.1 mM Na 2 HPO 4 , 2.7 mM KCl, 136.7 mM NaCl) for three times, and the [Ca 2+ ] i was determined by flow cytometry.
Determination of lipid peroxidation
Lipid peroxidation level was assessed by thibabituric acid-reactive substances (TBARS) assay. SH-SY5Y cells were treated as described above. The cells were lysed by addition of 1 ml 0.1 M PBS-0.05 mM EDTA (pH 8.0) and 50 ml 1% Triton-X100. The lysate was used to evaluate lipid peroxidation with MDA kits. Absorbance of the supernatant obtained from centrifugation was measured at 535 nm.
Measurement of mitochondrial membrane potential (MMP)
Alteration of the MMP of SH-SY5Y after treatment with Ab was assessed by the retention of rhodamine 123. After SH-SY5Y was treated with AOSC and Ab, the mitochondria were stained with rhodamine 123 at a final concentration of 1 mM at 37°C for 30 min. The changes in rhodamine 123 fluorescence were evaluated by flow cytometry.
Measurements of fibril formation of Ab 1-40
Th-T fluorometric assay was performed as described previously (1) . For the time course study, 2.5 m g / ml freshly prepared Ab 1-40 was incubated with 100 m g/ ml AOSC at 37°C for 12, 24, or 48 h. The Th-T was mixed with each sample at a final concentration of 6.0 m M. Fluorescence intensity (excitation, 450 nm; emission, 480 nm) was measured using a fluorescence spectrophotometer. For the dose-dependent effect study, 2.5 mg/ ml of freshly prepared Ab 1-40 was incubated with 0, 10, 50, or 100 mg/ ml AOSC at 37°C for 24 h, followed by addition of Th-T. Then the fluorescence intensity was measured.
Interactions of AOSC with Ab 1-40
The SPR was conducted on a SPR biosensor instrument. In this assay, AOSC was immobilized onto one of the flow cells (FC1) of the CM5 surface. The immobilization procedures were carried out at 25°C, with a constant flow rate of 5 m l / min HBS-EP buffer (0.01 M HEPES, 0.15 M NaCl, pH 7.4). The microliters of Ab 1-40 , dissolved immediately or incubated at 37°C for 48 h, at a concentration of 2.3, 4.6, 9.2, 18.5, or 37.0 mM was injected over the AOSC-immobilized CM5 chip. The sensor chip was then regenerated by washing with 2 M NaCl. To correct for non-specific binding and bulk refractive index change, a blank channel without AOSC was used and run simultaneously. Then the changes in mass due to the binding response were recorded as resonance unit (RU).
Statistic analyses
Data were expressed as mean values ± standard deviation (S.D.). Student t-test and analysis of variance (ANOVA) were performed by Statview to assess differences between the relevant control and each experimental group. P-values of <0.05, <0.01, and <0.001 were regarded as indicating statistical significance. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and Ab It is well known that Ab possesses neurotoxicity and the blockade of Ab toxicity is viewed as a reasonable strategy to treat AD (4, 5) . The effect of AOSC on neurotoxicity induced by aged Ab 1-40 and Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] was firstly evaluated. In SH-SY5Y cells, treatment with 30 m M of aged Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] or 2 m M of aged Ab 1-40 resulted in a significant inhibition of MTT reduction. Pretreatment with 50 and 100 m g / ml of AOSC for 24 h remarkably attenuated Ab-induced inhibition of MTT reduction, and this maximal inhibitory effect of AOSC was observed at 100 m g/ ml ( Fig. 1) . A similar effect of AOSC was observed in primarily cultured cortical cells, and AOSC reduced the inhibition of MTT reduction induced by aged Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] (Fig. 1) .
Results
AOSC attenuated the inhibition of MTT reduction induced by Ab
AOSC suppressed the apoptosis induced by aged Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] With regards to the neuronal loss that happens in AD, recent evidence has highlighted that apoptosis is the major event involved in Ab -induced cytoxicity (19 -21) . Our foregoing observation revealed that Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] triggered neurotoxicity in SH-SY5Y. The notion prompted us to assume that apoptosis is involved in the cytoxicity of Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] in SH-SY5Y and AOSC might exert anti-apoptotic activity. Thus, we investigated the impact of AOSC on apoptosis induced by Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Hypodiploidy was measured by assessment of the G 0 peak obtained with PI staining and flow cytometry. As shown in Fig. 2 , after SH-SY5Y was treated with aged Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , the percentage of hypodiploid cells was 24.77 ± 1.87%. However, pre-treatment with 50 and 100 m g/ ml of AOSC for 24 h suppressed the apoptosis induced by 30 m M of aged Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] for 48 h, and the percentage of hypodiploid cells was 10.17 ± 1.32% and 5.09 ± 0.76%, respectively.
AOSC suppressed the increased [Ca 2+ ] i level induced by aged Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Even though the mechanisms of apoptosis induced by Ab are not well known, nevertheless, the impairment of [Ca 2+ ] i homeostasis was reported to play very important roles in Ab-induced apoptotic cascade (19, 22, 23) . In our experiment, treatment with 30 mM of aged Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] for 48 h resulted in a remarkable increase of [Ca 2+ ] i level in SH-SY5Y. The intensity of Fluo-3 fluorescence increased from 26.17 ± 3.54 to 68.67 ± 5.49. However, pre-treatment with 50 and 100 m g / ml of AOSC for 24 h reduced the increased [Ca 2+ ] i level induced by aged Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , and the intensity of Fluo-3 fluorescence was 50.82 ± 4.77 and 36.52 ± 3.95, respectively ( Fig. 3) .
Effect of AOSC on lipid peroxidation induced by aged Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Besides altering [Ca 2+ ] i homeostasis, Ab also induces the generation and accumulation of reactive oxygen species (ROS), thus leading to apoptosis of neurons (5, 24) . Here, we observed the change in MDA, an indicative metabolite of lipid peroxidation, in SH-SY5Y, following treatment with 30 m M of aged Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Figure 4 showed that Ab 25-35 elevated MDA level (from 1.43 ± 0.05 to 3.91 ± 0.31). However, pre-treatment with AOSC, the lipid peroxidation in SH-SY5Y was significantly inhibited (2.47 ± 0.46, 1.72 ± 0.42, respectively).
AOSC prevented the decrease in mitochondrial membrane potential
While mitochondria have been shown to play a crucial role in sensing and propagating apoptosis signals, collapse of MMP is generally related to ROS in the early phase of the Ab-induced apoptosis pathway (25, 26) . In our study, Ab 25-35 remarkably decreased MMP, and the percentage of low MMP cells in all cells was increased from 10.45 ± 2.33 to 30.03 ± 5.14. However, pre-exposure of SH-SY5Y to AOSC remarkably prevented the reduction of MMP induced by Ab 25-35 ( Fig. 5 ).
AOSC inhibited Ab 1-40 fibril formation
Until now, it's clearly demonstrated that AOSC protected neurons against Ab-induced toxicity. Yet, the exact molecular mechanism underlying its neuroprotection remains unclarified. Since Ab-induced neurotoxicity directly relies on fibril formation, we hypothesized that the neuroprotective effect of AOSC against Ab may be related to its impact on Ab fibril formation. Thus, the effect of AOSC on Ab 1-40 fibril formation was investigated. Th-T fluorometric analysis showed that Ab 1-40 gradually aggregated (Fig. 6A ). In the presence of 100 m g / ml AOSC, Ab 1-40 fibril forma- tion was significantly attenuated, even following 48-h incubation (Fig. 6A) . Figure 6B showed that following 24-h incubation, 10, 50, and 100 mg / ml AOSC attenuated significantly Ab 1-40 fibril formation.
Interactions of AOSC with Ab 1-40 by SPR
Ab fibrillogenesis in vitro studies have suggested that GAGs bind directly to Ab because of the existence of the heparin binding site (27, 28) . Our above findings demonstrated that AOSC suppresses Ab 1-40 aggregation, which prompted us to determine if the inhibitory effects were due to the binding of AOSC to Ab, which would be analogous to heparin binding. To clarity this assumption, the interaction of Ab with AOSC was evaluated by SPR. We found that AOSC interacted with both freshly dissolved Ab and 48-h incubated Ab, revealing different binding capacities with K D of 5.61E-07 ( Fig. 7A ) and 2.07E-08 ( Fig. 7B) , respectively.
Discussion
In this paper, we have demonstrated that AOSC not only significantly inhibited the fibril formation of Ab but also exhibited anti-apoptotic activity through stabilizing [Ca 2+ ] i homeostasis and suppressing ROS generation induced by aged Ab.
Because SPs loaded with Ab are frequently surrounded by degenerated neurons as a result of fibrillar Ab neurotoxicity in AD, many investigators have been attracted by the amyloid-cascade hypothesis and have, therefore, focused on studying the direct effects of Ab on neuron viability. A large body of evidence has suggested that high concentrations of Ab, especially in fibrillar form, are often used in tissue culture experiments to initiate the toxic effects on many cells (4, 5, 19, 29) . Of all the Ab fragments studied so far, Ab 25-35 is the shortest fragment that exhibits similar neurotoxicity in comparision to full-length Ab 1-40(1-42) (19, 20, 29) . We found that the exposure to either aged Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] or aged Ab 1-40 resulted in the neurotoxic effects both in primary cell culture and SH-SY5Y cell line, characterized by a dramatic decrease in neuronal viability, suggesting that Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] can mimic the neurotoxicity of Ab 1-40 . Most importantly, AOSC exerted a significant neuroprotective activity both in Ab 25-35 -and Ab 1-40 -treated neurons. Thus, in this paper, we selected Ab 25-35 as a neurotoxic inducer instead of Ab 1-40 to study the underlying mechanisms of AOSC.
There is a general agreement that Ab-triggered neurotoxicity is determined by its molecular state, degree of aggregation, and rate of fibrillation. Furthermore, it has shown that fibrillation of Ab is definitely prerequisite for its toxicity (4, 5, 7, 19) . Increasing number of studies have suggested that any chemical compounds that inhibited or slowed Ab polymerization may protect neurons from Ab-induced cytotoxicity. In our study, the Th-T fluorescent assay, a valuable methods for a real-time evaluation of formation of Ab aggregation in vitro, revealed that AOSC remarkably suppressed Ab aggregation. These findings gave us the good explanation that neuroprotective effects of AOSC against Ab were, to some extent, attributable to its inhibition of Ab fibril formation.
It is particularly true for the basic amino acids identified as a linear VHHQKL epitope within Ab (residues 13 -16) that they must adopt a specific conformation to enable their binding to polyanionic compounds such as GAGs (9 -11, 13, 30) . The interaction between GAGs and Ab triggers an alteration of the native random coil monomer to a highly stable, b-sheet-rich polymer of Ab favoring amyloidogenesis (1, 10 -13, 28) . Furthermore, GAGs bind directly to Ab with a much higher affinity for the fibrillar forms than the soluble forms, which is well explained by the fact that Ab in oligomeric form favors the exposure of the binding sequence for GAGs (27, 28) . These notions suggest the possibility that exogenous GAGs or related polyanionic molecules may competitively bind to Ab and thus influence Ab fibrillation (2, 6, 7) . Current views hold that some exogenous LMW heparin or LMW chondroitin sulfate possesses dramatic binding ability for Ab , subsequently leading to suppression of fibril aggregation (12, 17) . AOSC is structurally rich in 1,4-linked b-D-mannuronate with highly negatively charged residues, permitting its high affinity for Ab. Our observation by SPR showed that AOSC exerted higher affinity for oligomeric Ab than freshly-dissolved Ab, in line with notion that oligomeric Ab exhibited more accessibility to AOSC than soluble form. Although inhibitors that bind well to monomer may reasonably be expected to perturb fibril formation at all stages, the compounds with high affinity for Ab oligomers also block fibrillogenesis (13) . Thus the inhibitory roles of AOSC on fibril aggregation, and consequently neuroprotective effects, might contribute to AOSC's binding to Ab to inhibit the formation of polymer. The result that AOSC also had affinity for freshlydissolved Ab indicated that AOSC might influence the conformation alteration to slow fibril formation. However, a clear conclusion cannot be drawn with regard to the alteration in Ab conformation influenced by AOSC, and further studies are required to clarify this issue.
It is particularly true that neurotoxicity induced by Ab plays a critical role in neuronal loss in AD, but it is argued whether Ab kills neurons by apoptosis or by necrosis. Recent data from AD patients suggest that neuronal apoptosis predominantly occurs (21) . In the vast majority of in vitro studies, apoptosis has been recognized as an important mode and proposed as the major cause of neuronal loss induced by Ab. In our investigation, Ab-induced neurotoxicity was predominantly manifested by apoptosis, which was greatly reversed by the presence of AOSC, indicating that AOSC possessed anti-apoptotic activity.
Despite the fact that the exact mechanisms underlying Ab-induced apoptosis are not quite understood, the oxidative stress and disruption of calcium homeostasis, nevertheless, have been mechanistically linked to Abinduced apoptosis (7, 21) . The overload of [Ca 2+ ] i leads to the damage in the structural skeleton of neurons and finally resultant activation of the apoptotic cascade. The flow cytometric analysis in our study showed that AOSC inhibited the significant increase in [Ca 2+ ] i induced by Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Thus, the reversal of AOSC on the overload of [Ca 2+ ] i is one of mechanisms of action underlying its anti-apoptotic activities. Besides the disturbance in [Ca 2+ ] i homeostasis, oxidative stress has also been demonstrated to contribute to the apoptotic process in AD. Actually, Ab can generate and accumulate ROS in neurons to cause membrane lipid peroxidation and further leads to the decrease in MMP (5, 29, 30) . In our present data, TBARS and rhodamine 123 assays demonstrated that ROS dramatically mediated Ab-induced apoptosis, which was counteracted by the presence of AOSC, characterized by its suppression on the evaluation in MDA level and reversal of the reduction in MMP induced by Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . These findings, together with our previous work that AOSC also antagonized the apoptosis of SH-SY5Y induced by hydrogen peroxide, indicated that AOSC might also act as a free radical scavenger and thus exhibit its anti-apoptotic activity. However, other possibilities could not be excluded.
Our present report is the first to demonstrate that AOSC exerted potent anti-neurotoxicity induced by aged Ab. The underlying mechanisms of action might be attributed to its stabilization of Ca 2+ homeostasis and inhibition of ROS generation. In addition, the binding of AOSC to Ab and subsequent blockade on fibril formation may also contribute to its neuroprotective activity. Given the apparent important roles of Ab in the pathogenesis of AD, our findings suggest that AOSC may be a potential anti-AD candidate.
